To improve the wear resistance of titanium alloy parts used in the engineering applications, in-situ formed Ti(C,N) particles reinforcing Ni-based composite coatings are fabricated on Ti6Al4V alloys by the laser cladding technique using Ni60, C, TiN, and small amounts of CeO 2 nanoparticles mixed powders as the pre-placed materials. Firstly, the formation mechanism of Ti(C,N) particles as a reinforced phase in the coating is investigated. Then, the influences of CeO 2 nanoparticles on microstructures and wear resistance of the coatings are analyzed. It is indicated that the large Ti(C,N) particles form around TiN particles, and the small Ti(C,N) particles form through independent nucleation. CeO 2 nanoparticles play important roles in increasing the nucleation rate and improving the precipitation of Ti(C,N), hence the microstructures and wear resistance of the coatings are apparently improved after adding CeO 2 nanoparticles. It is observed that the 1 wt % content of CeO 2 additive in the pre-placed powders is the best choice for the wear resistance of the coatings.
Introduction
Nowadays, titanium alloys are widely applied in the aerospace and automotive fields owing to the high specific strength and excellent corrosion-resistant properties [1] [2] [3] . However, poor wear resistance has prevented them from being used as engineering tribological components [4, 5] . It is well known that failures, such as wear and corrosion, usually start from the surface of the components, which tend to destroy the whole components. Therefore, in order to maintain excellent quality in titanium alloys and improve the tribological properties of their surface, a laser cladding process was widely applied to fabricate coatings on the titanium substrates [6] [7] [8] . Compared with the coatings fabricated by traditional surface modification techniques, such as nitriding, micro-arc oxidation, and thermal spraying, the coatings fabricated by the laser cladding process have the advantages of fine microstructure, small heat-affected zone, and strong metallurgical bonding with the substrates [9] .
In order to fabricate high wear-resistant coatings, it is very important that suitable coating materials are chosen. Due to the characteristics of low melting point and good wettability, Ni-based self-fluxing alloy powders are frequently selected as the laser cladding materials [10, 11] . Previous investigations indicated that it was beneficial to fabricate coatings with better wear resistance through adding hard ceramic particles into Ni-based self-fluxing alloy powders. For example, Dong et al. [12] fabricated in situ formed NbC/Ni-based composite coatings using (Nb + C)/Ni-based alloy powder mixture by the laser cladding and found that the wear resistance of the Ni-based alloy coatings (Shanghai, China). SEM images of the powders used in the present study for laser cladding are shown in the Figure 1 . The chemical composition (in wt %) of the Ni60 alloy powders is listed in Table 1 . It was reported that too little CeO 2 additive could not effectively improve the wear resistance of cladding coatings; while too much CeO 2 additive formed many inclusions, which markedly reduced the tribological properties of the coatings [22] . Therefore, the content of CeO 2 nanoparticle additive in the pre-placed powders should be suitable. As shown in Table 2 , to investigate the effect of amount of CeO 2 nanoparticles additive on the behaviors of the coatings, different ratios of CeO 2 powders in wt % are mixed in the basic pre-placed powders. According to the CeO 2 additive contents of 0 wt %, 1 wt %, 2 wt %, and 3 wt % in the pre-placed mixed powders, the sample No. of the titanium plates modified by laser cladding process are marked as Sample 0, Sample 1, Sample 2, and Sample 3, respectively. Firstly, the powder mixtures are evenly stirred in a planetary ball mill for 3 hours. The mixed powders are blent with a polyvinyl alcohol binder and stirred until a slurry-like consistency is obtained, then the Ni60/C/TiN + binder slurry is placed in a rectangular slot with a size of 30.2 mm × 30.2 mm × 6.6 mm. The excess quantity is removed using a stainless steel scraper and a pre-placed layer with a height of 0.6 mm is formed on the substrates, and then dried in an oven at the temperature of 100 • C for 2 h. To ensure the repeatability of the experiments, at least 3 pieces of each sample group are prepared. reported that too little CeO2 additive could not effectively improve the wear resistance of cladding coatings; while too much CeO2 additive formed many inclusions, which markedly reduced the tribological properties of the coatings [22] . Therefore, the content of CeO2 nanoparticle additive in the pre-placed powders should be suitable. As shown in Table 2 , to investigate the effect of amount of CeO2 nanoparticles additive on the behaviors of the coatings, different ratios of CeO2 powders in wt % are mixed in the basic pre-placed powders. According to the CeO2 additive contents of 0 wt %, 1 wt %, 2 wt %, and 3 wt % in the pre-placed mixed powders, the sample No. of the titanium plates modified by laser cladding process are marked as Sample 0, Sample 1, Sample 2, and Sample 3, respectively. Firstly, the powder mixtures are evenly stirred in a planetary ball mill for 3 hours. The mixed powders are blent with a polyvinyl alcohol binder and stirred until a slurry-like consistency is obtained, then the Ni60/C/TiN + binder slurry is placed in a rectangular slot with a size of 30.2 mm × 30.2 mm × 6.6 mm. The excess quantity is removed using a stainless steel scraper and a pre-placed layer with a height of 0.6 mm is formed on the substrates, and then dried in an oven at the temperature of 100 °C for 2 h. To ensure the repeatability of the experiments, at least 3 pieces of each sample group are prepared. Sample 0  88  2  10  0  Sample 1  87  2  10  1  Sample 2  86  2  10  2  Sample 3  85  2  10  3 
Laser Cladding Setup and Process
The laser-cladding experiments are carried out on the laser cladding system designed and assembled by ourselves, as shown in the Figure 2 . The laser-cladding system mainly contains four parts: the laser system, the motion-control system, the computer numerical control system and the auxiliary devices. The laser system consists of the RFL-C500 fiber laser (Wuhan Raycus Fiber Laser Technologies Co., Ltd., Wuhan, China) with a maximum power of 500 W and the BT-230 laser head (RayTools AG, Burgdorf, Switzerland) which integrates a lens with a diameter of 75 mm and a focal length of 250 mm. The fiber with core radium of 25 µm and the laser head are joined by a QBH standard connector. The motion table and laser cladding parameters are controlled by the computer numerical control system. When the laser cladding experiments are carried out, the pre-placed powders and a thin surface layer of the substrate are melted rapidly by the laser beam, forming a molten pool. Meanwhile, as the motion table moves, the melted material in the molten pool solidifies rapidly, and then a continuous cladding coating is formed on the surface of the substrate. The selected laser cladding parameters are as follows: laser power 500 W, spot diameter 3 mm, scanning speed 2 mm/s, and overlap rate 40%. To protect the molten pool from oxidation, argon gas with a flowing rate of 10 L/min is used during the laser cladding process. Sample 0  88  2  10  0  Sample 1  87  2  10  1  Sample 2  86  2  10  2  Sample 3  85  2  10  3 
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Characterization Test Methods of the Coatings
The cross-section metallographic samples of the cladding coatings are prepared, and then etched in HNO3 + HF + H2O solution (HNO3: HF: H2O = 20:30:50, vol %) for 1 min. The microstructure morphologies of the samples are observed by a TESCAN MIRA3 LMU scanning electron microscope (SEM, TESCAN Co., Brno, CZE) attached to an energy-dispersive spectrometer (EDS, Oxford Inc., 
The cross-section metallographic samples of the cladding coatings are prepared, and then etched in HNO 3 + HF + H 2 O solution (HNO 3 :HF:H 2 O = 20:30:50, vol %) for 1 min. The microstructure morphologies of the samples are observed by a TESCAN MIRA3 LMU scanning electron microscope (SEM, TESCAN Co., Brno, CZE) attached to an energy-dispersive spectrometer (EDS, Oxford Inc., Oxford, UK). The phase compositions of the coatings are investigated by using D/500 X-ray diffractometer (XRD, Bruker, Berne, Switzerland).
The micro-hardness distributions of the coatings are tested by a micro-sclerometer (HVS-1000Z, Vegour, Shanghai, China) with a 0.2 kgf (1.96 N) load and 15 s hold time on the measurement points. Each micro-hardness value in the plotted figures is an average micro-hardness value which is determined on the basis of the measured data from 10 indentations.
A pin-on-disc friction and wear tester (HT-1000, Zhongkekaihua Science and Technology Co., Ltd., Lanzhou, China) is used to test the wear properties of the coatings. Before the friction and wear test, the test samples were appropriately ground with 120, 240, 600, and 800# SiC grit paper, respectively. The grinding ball is made up of Si 3 N 4 ceramic, and its diameter is 5 mm and hardness is 1700 HV. The applied load, rotational speed, and the friction diameter are 20 N, 400 r/min, and 10 mm, respectively. At least 3 duplicates of the test are carried out for each test condition. The wear volume loss is measured every 30 min by 3D non-contact surface mapping profiler (VHX-500, KEYENCE, Osaka, Japan). To investigate the wear mechanism, the worn morphologies of the samples and wear debris were also observed by Phenom ProX scanning electron microscope (SEM, Phenom-World BV, Eindhoven, The Netherlands).
Results and Discussion

Phase Constituents of the Coatings
The XRD patterns of the cladding coatings in samples 0-3 are presented in Figure 3 . In all the coatings, there exist diffraction peaks of γ-Ni solid solution, Ni 3 Ti, Ni 4 B 3 , Ti(C,N), TiC, TiN, Cr 2 B, and Cr 7 C 3 . During the laser cladding process, the pre-placed powders and the surface layer of the Ti6Al4V substrate are melted together, thus a large amount of Ti released from the substrate enters into the molten pool due to the dilution effect. In this case, complex chemical reactions occur in the molten pool and form various phases mentioned above, including TiC and Ti(C,N). In the molten pool, TiC is generated by the in-situ reaction between Ti and C, and then the in-situ formed TiC can further react with TiN added originally [17] , forming Ti(C,N). The possible chemical reactions are described as follows:
According to Table 2 , there are 1 wt %, 2 wt %, and 3 wt % CeO 2 nanoparticles added respectively in the pre-placed powders for sample 1, sample 2, and sample 3. It is found from Figure 3 that no diffraction peaks related to CeO 2 , cerium, or a new generated phase are presented in the coating of sample 1, and the diffraction peaks related to CeO 2 appear in the coatings of sample 2 and sample 3. However, the absence of CeO 2 diffraction peaks does not mean that there is no CeO 2 in the coating of sample 1. The reason is probably that the content of CeO 2 additive is too low to be detected by XRD. Meanwhile, it is observed from Figure 3 that the diffraction intensity of CeO 2 in the coating of sample 3 is obviously enhanced compared with that in the coating of sample 2, namely, the diffraction intensity of CeO 2 in coatings increases with the increase of the content of CeO 2 additive in the pre-placed powders. 
Microstructure Analysis of the Coatings
Microstructure of the Coatings Fabricated by Pre-Placed Powders without CeO2 Additive
The typical cross-section morphology of the coating of sample 0 and the EDS line scanning results across the interface are presented in Figure 4 . According to Figure 4a , it is observed that the coating can be divided into three regions: cladding zone, transition zone, and substrate. A distinct bonding line appears between the transition zone and the substrate, which indicates that the defectfree coating is metallurgically bonded with the substrate. As shown in Figure 4b , there exist crystals in planar and cellular morphologies near the bonding line because of the ultra-high thermal gradient in the molten pool [10] . It is seen from the Figure 4 that acicular martensites (α-Ti) [15] also appear in the substrate near the bonding line, which is regarded as a heat-affected zone. In addition, it can be found from the EDS line analysis results that interdiffusion of elements occurs between the coating and the substrate. During the laser cladding process, the pre-placed powders and the thin surface layer of the titanium alloy substrate are simultaneously melted under the irradiation of the laser beam, forming a molten pool. Then, under the action of mass transfer by convection, Ni, C, and N elements diffuse from the top to the bottom in the molten pool, while Ti and Al elements from the substrate diffuse in the opposite direction.
The microstructure morphologies of the middle region in the coating of sample 0 are illustrated in Table 3 . The chemical compositions of these areas measured by EDS reveal that the cellular grains (point A) are composed of Ni, Cr, Fe, and C. Combined with the XRD result illustrated in Figure 3 , it can be confirmed that the cellular grains are γ-Ni solid solution. Similarly, the lamellar eutectics (point B) contain not only Ni, Cr, and C but also a small amount of B, and can be confirmed as γ-Ni + Ni4B3 eutectics [26] . The bulk-like phases (point C) mainly include Ti, C, and N, and can be identified as Ti(C,N), which incorporates the advantages and characteristics of both TiC and TiN [17, 18] . The flower-like phases (point D) mainly consist of Cr, C, and B, which can be confirmed that the chemical compounds of the flower-like phases are Cr7C3 and Cr2B. 
Microstructure Analysis of the Coatings
Microstructure of the Coatings Fabricated by Pre-Placed Powders without CeO 2 Additive
The typical cross-section morphology of the coating of sample 0 and the EDS line scanning results across the interface are presented in Figure 4 . According to Figure 4a , it is observed that the coating can be divided into three regions: cladding zone, transition zone, and substrate. A distinct bonding line appears between the transition zone and the substrate, which indicates that the defect-free coating is metallurgically bonded with the substrate. As shown in Figure 4b , there exist crystals in planar and cellular morphologies near the bonding line because of the ultra-high thermal gradient in the molten pool [10] . It is seen from the Figure 4 that acicular martensites (α-Ti) [15] also appear in the substrate near the bonding line, which is regarded as a heat-affected zone. In addition, it can be found from the EDS line analysis results that interdiffusion of elements occurs between the coating and the substrate. During the laser cladding process, the pre-placed powders and the thin surface layer of the titanium alloy substrate are simultaneously melted under the irradiation of the laser beam, forming a molten pool. Then, under the action of mass transfer by convection, Ni, C, and N elements diffuse from the top to the bottom in the molten pool, while Ti and Al elements from the substrate diffuse in the opposite direction.
The microstructure morphologies of the middle region in the coating of sample 0 are illustrated in Figure 5 . It can be observed from Figure 5a -d that large amounts of bulk-like phases (point C) and flower-like phases (point D) are uniformly distributed in the matrix that mainly consists of cellular grains (point A) and lamellar eutectics (point B) between the cellular grains. The EDS analysis results of the phases are listed in Table 3 . The chemical compositions of these areas measured by EDS reveal that the cellular grains (point A) are composed of Ni, Cr, Fe, and C. Combined with the XRD result illustrated in Figure 3 , it can be confirmed that the cellular grains are γ-Ni solid solution. Similarly, the lamellar eutectics (point B) contain not only Ni, Cr, and C but also a small amount of B, and can be confirmed as γ-Ni + Ni 4 B 3 eutectics [26] . The bulk-like phases (point C) mainly include Ti, C, and N, and can be identified as Ti(C,N), which incorporates the advantages and characteristics of both TiC and TiN [17, 18] . The flower-like phases (point D) mainly consist of Cr, C, and B, which can be confirmed that the chemical compounds of the flower-like phases are Cr 7 C 3 and Cr 2 B. The scanning results of elements distribution of the coating of sample 0 are presented in Figure 6 . This figure further indicates that the coating matrix mainly consists of γ-Ni solid solution, and the bulk-like phases (A and B) with different size are dispersed in the Ni matrix. For the small bulk-like phase (A), Ti, C, and N are evenly distributed in the whole particle, which is confirmed as Ti(C,N). For the large bulk-like phase (B), the core mainly consists of Ti and N, and is confirmed as residual TiN; moreover, Ti, C, and N are detected synchronously in the shell, which is identified as Ti(C,N). It is interesting that Ti(C,N) tends to grow on the surface of the TiN, and form the typical core-shell structure. The scanning results of elements distribution of the coating of sample 0 are presented in Figure  6 . This figure further indicates that the coating matrix mainly consists of γ-Ni solid solution, and the bulk-like phases (A and B) with different size are dispersed in the Ni matrix. For the small bulk-like phase (A), Ti, C, and N are evenly distributed in the whole particle, which is confirmed as Ti(C,N). For the large bulk-like phase (B), the core mainly consists of Ti and N, and is confirmed as residual TiN; moreover, Ti, C, and N are detected synchronously in the shell, which is identified as Ti(C,N). It is interesting that Ti(C,N) tends to grow on the surface of the TiN, and form the typical core-shell structure. To explain the formation mechanism of the Ti(C,N) phase, a simplified diagram is presented in Figure 7 . Under the irradiation of the laser beam, the Ni60 alloy powders with the lowest melting point (1027 °C) melt first, forming the initial molten pool, and with the temperature of the molten pool rising, TiN is decomposed into Ti and N atoms [20] (Figure 7a ). Because the temperature of the molten pool is uneven, it is likely that some TiN completely melt, while others partly dissolve [27] . The dissolved atoms are evenly distributed in the laser molten pool due to the stirring action of the convection, and then TiC is formed in-situ with the regeneration of TiN (Figure 7b ). According to the heterogeneous nucleation theory [17] , the crystal nuclei tend to attach themselves on the already existing phases to reduce the growth energy. In this case, TiC and TiN will precipitate on the undissolved TiN and form the large Ti(C,N) particle [28] , which is typical of the core-shell structure. Meanwhile, partial TiN and TiC probably nucleate independently and grow up due to the non-even To explain the formation mechanism of the Ti(C,N) phase, a simplified diagram is presented in Figure 7 . Under the irradiation of the laser beam, the Ni60 alloy powders with the lowest melting point (1027 • C) melt first, forming the initial molten pool, and with the temperature of the molten pool rising, TiN is decomposed into Ti and N atoms [20] (Figure 7a ). Because the temperature of the molten pool is uneven, it is likely that some TiN completely melt, while others partly dissolve [27] . The dissolved atoms are evenly distributed in the laser molten pool due to the stirring action of the convection, and then TiC is formed in-situ with the regeneration of TiN (Figure 7b ). According to the heterogeneous nucleation theory [17] , the crystal nuclei tend to attach themselves on the already existing phases to reduce the growth energy. In this case, TiC and TiN will precipitate on the undissolved TiN and form the large Ti(C,N) particle [28] , which is typical of the core-shell structure. Meanwhile, partial TiN and TiC probably nucleate independently and grow up due to the non-even constituent and heat distribution in the molten pool, as a result, the small Ti(C,N) particle is formed [20] (Figure 7c 
constituent and heat distribution in the molten pool, as a result, the small Ti(C,N) particle is formed [20] (Figure 7c ). 
Influence of CeO2 Nanoparticles on the Microstructure of Coatings
The SEM micrographs of the microstructures of the cladding coatings having different CeO2 contents are illustrated in Figure 8a -d, respectively. It can be observed from Figure 8 that there are large amounts of characteristic particles as the reinforcement phases, which distribute randomly and uniformly in the matrix of the coatings. To clearly reveal the chemical compositions of these different reinforcement phases, EDS is used to identify the chemical compositions of the characteristic particles A-I shown in Figure 8 . The EDS analysis results are listed in Table 4 .
It can be seen from Figure 8a that there are large amounts of dark bulk-like precipitates (A) and grey flower-like phases (B) uniformly distributed in the coating of sample 0. It is known from the EDS results listed in Table 4 that the bulk-like precipitates (point A) are composed of Ti, C and N, and can be confirmed as Ti (C,N) . Similarly, the flower-like phases (point B) mainly contain Cr, C and B elements, which can be identified as Cr7C3 and Cr2B.
As shown in Figure 8b , the coating of sample 1 is mainly dominated by three phases: bulk-like phase (C), granular phase (D) and whisker-like phase (E). According to the EDS results listed in Table   Ti Table 4 .
It can be seen from Figure 8a that there are large amounts of dark bulk-like precipitates (A) and grey flower-like phases (B) uniformly distributed in the coating of sample 0. It is known from the EDS results listed in Table 4 that the bulk-like precipitates (point A) are composed of Ti, C and N, and can be confirmed as Ti (C,N) . Similarly, the flower-like phases (point B) mainly contain Cr, C and B elements, which can be identified as Cr 7 C 3 and Cr 2 B.
As shown in Figure 8b , the coating of sample 1 is mainly dominated by three phases: bulk-like phase (C), granular phase (D) and whisker-like phase (E). According to the EDS results listed in Table 4 , it can be confirmed that the bulk-like phases and granular phases are Ti(C,N), and the whisker-like phases are Cr 7 C 3 and Cr 2 B. Obviously, the Ti(C,N) phase in the coating of sample 1 is finer and more compact than that in the coating of sample 0. Previous investigates indicated CeO 2 nanoparticles could reduce the critical nucleation radius and increase the number of crystal nucleus, as a result, the agglomeration and the growth of Ti(C,N) phase were distinctly suppressed [21] [22] [23] . In addition, CeO 2 nanoparticles could also cause the lattice distortion of some grains in the coating due to the lager atomic radius, and distributed on the grain boundary to equalize the energy of distortion, which could also restrain the growth of Ti(C,N) phase [21, 22] .
The SEM images (Figure 8c,d) show that the microstructures of the coatings of sample 2 and sample 3 are similar to that of the coating of sample 1, and the Ti(C,N) and Cr 7 C 3 /Cr 2 B are confirmed on the basis of their chemical compositions in Table 4 . It is found that the more CeO 2 additive is added, the coarser the Ti(C,N) phase is. Similar conclusions were reported by Wang et al. [22] and Sharma et al. [29] , namely, the microstructures and properties of the Ni-based coatings decreased when the additive of CeO 2 was higher than 1 wt %. The worse grain refinement of 2 wt % CeO 2 and 3 wt % CeO 2 may be attributed to the agglomeration of CeO 2 nanoparticles. Because of the surface effect, nanoparticles are easy to reunite [22, 30] . In this case, CeO 2 nanoparticles are not well-distributed in the molten pool, which reduces the grain refining effect. The back-scattered electron micrograph and the corresponding EDS results of certain phases in the coating of sample 2 are shown in Figure 9 , which is typical for the coatings modified with CeO2 nanoparticles. It is noted that a kind of white core-black shell structure appears in the coating ( Figure  9a ). EDS results indicate that the white core (point 1) contains a large amount of Ce and O, which can be confirmed as CeO2. The black shell (point 2) contains a high concentration of Ti, C, and N, which can be confirmed as Ti(C,N). In addition, there are B, C, Cr, Ti, and Ni in whisker phase (point 3), whose growth is restrained by the CeO2-centered core-shell structure. Combined with XRD results shown in Figure 3 , it can be confirmed that whisker phase is Cr2B and Cr7C3. According to the heterogeneous nucleation theory [17] , the in-situ synthesized Ti(C,N) tends to nucleate on the surface The back-scattered electron micrograph and the corresponding EDS results of certain phases in the coating of sample 2 are shown in Figure 9 , which is typical for the coatings modified with CeO 2 nanoparticles. It is noted that a kind of white core-black shell structure appears in the coating (Figure 9a) . EDS results indicate that the white core (point 1) contains a large amount of Ce and O, which can be confirmed as CeO 2 . The black shell (point 2) contains a high concentration of Ti, C, and N, which can be confirmed as Ti(C,N). In addition, there are B, C, Cr, Ti, and Ni in whisker phase (point 3), whose growth is restrained by the CeO 2 -centered core-shell structure. Combined with XRD results shown in Figure 3 , it can be confirmed that whisker phase is Cr 2 B and Cr 7 C 3 . According to the heterogeneous nucleation theory [17] , the in-situ synthesized Ti(C,N) tends to nucleate on the surface of CeO 2 nanoparticles to reduce the growth energy, and consequently the core-shell structure is formed. In this case, the CeO 2 particles are fixed in the matrix and then the growth of other phases around the core-shell structure is retarded. of CeO2 nanoparticles to reduce the growth energy, and consequently the core-shell structure is formed. In this case, the CeO2 particles are fixed in the matrix and then the growth of other phases around the core-shell structure is retarded. To interpret the refinement mechanism of CeO 2 nanoparticles, a simplified diagram is presented in Figure 10 . As shown in Figure 10a , partial CeO 2 decomposes into Ce and O atoms, meanwhile, ex-situ TiN dissolves into the molten pool. The dissolved O atoms can react with B and Si from the Ni60 powders, and produce low-density oxidation resultants that will float on the surface of the molten pool. It is likely that some TiN and CeO 2 nanoparticles completely melt, while others partly dissolve. The dissolved atoms are evenly distributed in the molten pool due to the stirring action of the convection, and then TiC and TiN are formed in-situ (Figure 10b) . Finally, unmelted CeO 2 nanoparticles become heterogeneous nuclei, and the newly generated TiC and TiN tend to precipitate on the residual CeO 2 nanoparticles and form the core-shell structure, which can greatly increase the nucleation rate and improve the precipitation of Ti (C,N) . Meanwhile, the undissolved TiN can also act as the nucleation site for the TiC and TiN in the molten pool, and form the large Ti(C,N) particle. In addition, the decomposed Ce atoms will enrich on the grain boundary and further suppress the growth of Ti(C,N) (Figure 10c ).
To interpret the refinement mechanism of CeO2 nanoparticles, a simplified diagram is presented in Figure 10 . As shown in Figure 10a , partial CeO2 decomposes into Ce and O atoms, meanwhile, exsitu TiN dissolves into the molten pool. The dissolved O atoms can react with B and Si from the Ni60 powders, and produce low-density oxidation resultants that will float on the surface of the molten pool. It is likely that some TiN and CeO2 nanoparticles completely melt, while others partly dissolve. The dissolved atoms are evenly distributed in the molten pool due to the stirring action of the convection, and then TiC and TiN are formed in-situ (Figure 10b) . Finally, unmelted CeO2 nanoparticles become heterogeneous nuclei, and the newly generated TiC and TiN tend to precipitate on the residual CeO2 nanoparticles and form the core-shell structure, which can greatly increase the nucleation rate and improve the precipitation of Ti (C,N) . Meanwhile, the undissolved TiN can also act as the nucleation site for the TiC and TiN in the molten pool, and form the large Ti(C,N) particle. In addition, the decomposed Ce atoms will enrich on the grain boundary and further suppress the growth of Ti(C,N) (Figure 10c ). 
Micro-Hardness and Wear Resistance of the Coatings
The micro-hardness distributions along the depth direction of the composite coatings are shown in Figure 11 . Generally, the coatings of different samples have a similar micro-hardness distribution, and the micro-hardness distributions have a clear downtrend along the cladding coating surface to the substrate. Due to the combined action of solution strengthening and second-phase strengthening, the average hardness of the coating of sample 0 is enhanced by 2.8 times compared to that of the Ti6Al4V substrate (336.8 HV0.2). In contrast, the average hardness of the coating of sample 1 is apparently higher than that of sample 0, which is related to the refining effect of CeO2 nanoparticles on the Ti(C,N) reinforcement phases. However, according to the analysis in above section, too much CeO2 (2 wt % and 3 wt %) reduces the refining effect of CeO2 nanoparticles on the Ti(C,N) phases. 
The micro-hardness distributions along the depth direction of the composite coatings are shown in Figure 11 . Generally, the coatings of different samples have a similar micro-hardness distribution, and the micro-hardness distributions have a clear downtrend along the cladding coating surface to the substrate. Due to the combined action of solution strengthening and second-phase strengthening, the average hardness of the coating of sample 0 is enhanced by 2.8 times compared to that of the Ti6Al4V substrate (336.8 HV 0.2 ). In contrast, the average hardness of the coating of sample 1 is apparently higher than that of sample 0, which is related to the refining effect of CeO 2 nanoparticles on the Ti(C,N) reinforcement phases. However, according to the analysis in above section, too much CeO 2 (2 wt % and 3 wt %) reduces the refining effect of CeO 2 nanoparticles on the Ti(C,N) phases. Thus, the average hardness of the coating of sample 2 is lower than that of the coating of sample 1, and with the increase of CeO 2 additive in the pre-placed powders, the average hardness of coating further decreases. The wear test results of the Ti6Al4V substrate and the coatings are plotted in Figure 12 , which shows that all the wear volume losses approximately have a linear relationship with the wear time. It can be seen that the cladding coatings have much better wear resistance than the Ti6Al4V titanium alloy substrate. For the Ti6Al4V substrate, the coatings of samples 0, 1, 2, and 3, the total wear volume losses are 1008.5 × 10 −2 mm 3 , 90.2 × 10 −2 mm 3 , 41.6 × 10 −2 mm 3 , 51.7 × 10 −2 mm 3 , and 55.6 × 10 −2 mm 3 , respectively. In comparison with the Ti6Al4V substrate, the wear resistances of the coatings of sample 0, 1, 2, and 3 are respectively increased by 11.2, 24.3, 19.5, and 18.1 times, which indicates that the coatings modified by CeO2 nanoparticles additive have higher wear resistance than the coating fabricated by pre-placed powders without CeO2 nanoparticles addition. Generally, the wear resistance of the coatings is proportional to its hardness. In the paper, the wear resistance of the coatings with different content of CeO2 additive on the changed trend is similar to the average microhardness of that. Among all the coatings, the coating modified with 1 wt % CeO2 additive presents the best wear resistance, which is highly related to the highest micro-hardness. Meanwhile, as mentioned earlier, the microstructure in the coating of sample 1 is finer and more compact than that in the coating of other samples due to the crystalline grain-refinement effect of the CeO2 additive, which is also the important reason for the high wear resistance of sample 1. However, according to relevant reports [31, 32] , the crystalline grain-refinement effect might be related to the content of rare earth oxide, and excessive rare earth oxide would reduce the function of refinement. As a result, as the content of CeO2 additive further increases, the wear resistance of coatings of sample 2 and 3 decreases. Therefore, only an appropriate amount of CeO2 additive in the pre-placed powders can enhance the coating performance.
The wear morphologies of the Ti6Al4V substrate and the cladding coatings present different characteristics, as shown in Figure 13 . It is observed from Figure 13a that there are deep grooves and adhesive features on the wear surface of the Ti6Al4V substrate. During the process of dry sliding friction, it is easy for the hard asperities on the grinding ball to penetrate into the surface of relative soft titanium substrate, forming micro-cutting and deep grooves on the worn surface [33] . Meanwhile, the formation of debris particles in the frictional area were promoted due to abrasion generated by a hard ceramic counterbody, meaning that wear particles trapped in the contact zone induce the third body effect, which further results in the increase of the total wear of the surface [34] . In contrast, no obvious characteristic of micro-cutting or ploughing grooves are found on the worn The wear test results of the Ti6Al4V substrate and the coatings are plotted in Figure 12 , which shows that all the wear volume losses approximately have a linear relationship with the wear time. It can be seen that the cladding coatings have much better wear resistance than the Ti6Al4V titanium alloy substrate. For the Ti6Al4V substrate, the coatings of samples 0, 1, 2, and 3, the total wear volume losses are 1008.5 × 10 −2 mm 3 , 90.2 × 10 −2 mm 3 , 41.6 × 10 −2 mm 3 , 51.7 × 10 −2 mm 3 , and 55.6 × 10 −2 mm 3 , respectively. In comparison with the Ti6Al4V substrate, the wear resistances of the coatings of sample 0, 1, 2, and 3 are respectively increased by 11.2, 24.3, 19.5, and 18.1 times, which indicates that the coatings modified by CeO 2 nanoparticles additive have higher wear resistance than the coating fabricated by pre-placed powders without CeO 2 nanoparticles addition. Generally, the wear resistance of the coatings is proportional to its hardness. In the paper, the wear resistance of the coatings with different content of CeO 2 additive on the changed trend is similar to the average micro-hardness of that. Among all the coatings, the coating modified with 1 wt % CeO 2 additive presents the best wear resistance, which is highly related to the highest micro-hardness. Meanwhile, as mentioned earlier, the microstructure in the coating of sample 1 is finer and more compact than that in the coating of other samples due to the crystalline grain-refinement effect of the CeO 2 additive, which is also the important reason for the high wear resistance of sample 1. However, according to relevant reports [31, 32] , the crystalline grain-refinement effect might be related to the content of rare earth oxide, and excessive rare earth oxide would reduce the function of refinement. As a result, as the content of CeO 2 additive further increases, the wear resistance of coatings of sample 2 and 3 decreases. Therefore, only an appropriate amount of CeO 2 additive in the pre-placed powders can enhance the coating performance.
The wear morphologies of the Ti6Al4V substrate and the cladding coatings present different characteristics, as shown in Figure 13 . It is observed from Figure 13a that there are deep grooves and adhesive features on the wear surface of the Ti6Al4V substrate. During the process of dry sliding friction, it is easy for the hard asperities on the grinding ball to penetrate into the surface of relative soft titanium substrate, forming micro-cutting and deep grooves on the worn surface [33] . Meanwhile, the formation of debris particles in the frictional area were promoted due to abrasion generated by a hard ceramic counterbody, meaning that wear particles trapped in the contact zone induce the third body effect, which further results in the increase of the total wear of the surface [34] .
In contrast, no obvious characteristic of micro-cutting or ploughing grooves are found on the worn surfaces of the coatings due to the high hardness of the coatings. Among all the coatings, the coating of sample 1 presents the smoothest worn surface; the coating of sample 2 has the second smoothest worn surface; and the coating of sample 0 exhibits the roughest worn surface, which is highly related to the micro-hardness. Moreover, spalling features are detected on the worn surfaces of the coatings due to the alternating stress from the grinding ball (Figure 13b-e) . As mentioned above, the addition of CeO 2 can effectively refine the grains, thus the toughness of the coatings can also be improved. In this case, the most obvious spalling characteristic is presented in the coating of sample 0 because of the poor toughness (Figure 13b) . Whereas, the coating of sample 1 with best toughness shows the least obvious spalling characteristic (Figure 13c ). surfaces of the coatings due to the high hardness of the coatings. Among all the coatings, the coating of sample 1 presents the smoothest worn surface; the coating of sample 2 has the second smoothest worn surface; and the coating of sample 0 exhibits the roughest worn surface, which is highly related to the micro-hardness. Moreover, spalling features are detected on the worn surfaces of the coatings due to the alternating stress from the grinding ball (Figure 13b-e) . As mentioned above, the addition of CeO2 can effectively refine the grains, thus the toughness of the coatings can also be improved. In this case, the most obvious spalling characteristic is presented in the coating of sample 0 because of the poor toughness (Figure 13b) . Whereas, the coating of sample 1 with best toughness shows the least obvious spalling characteristic (Figure 13c ). The SEM images of the wear debris of titanium alloy substrate and cladding coatings sliding against Si3N4 balls are shown in Figure 14 , and the EDS results of the wear debris are illustrated in Figure 15 . It can be seen that the wear debris from titanium alloy substrate coupled with the Si3N4 ceramic ball is plate-like and has a maximum width of approximately 30 µm and length of approximately 70 µm, which further reveals that titanium alloy substrate suffers from severe cutting and adhesion. The result of EDS analysis (Figure 15a) shows that the wear debris from titanium alloy substrate contains a large amount of Ti and O, and a small amount of Al and V, which indicates the existence of oxidation wear. During the dry sliding friction, a large amount of heat is produced and accumulated on the friction surface, so the temperature becomes higher and higher, leading to oxidation wear. However, the wear debris from cladding coatings is granular and has a much smaller size than the wear debris from the titanium alloy substrate, which shows that the cladding coatings experience minor cutting during the dry sliding friction. Meanwhile, the coating of sample 1 has the smallest wear debris size, and the coating of sample 2 exhibits the second-smallest wear debris size, while the coating of sample 0 shows the biggest wear debris size, which is highly related to the wear resistance of the coatings. According to the EDS analysis results (Figure 15b-e) , the wear debris of cladding coatings contains a high concentration of O, which indicates that the coatings suffer from the oxidation wear during the friction tests.
In summary, the wear mechanisms of titanium alloy substrate include ploughing, adhesive features, and oxidation wear, while the wear mechanisms of high-hardness cladding coatings include slight ploughing, spalling features, and oxidation wear. The influence of CeO2 nanoparticles on the wear properties of the coatings is obvious, namely, the coatings fabricated by the pre-placed powders with CeO2 nanoparticles have higher hardness, lower wear loss, and better wear morphology compared with coating fabricated by the pre-placed powders without CeO2 nanoparticles. What is more, the coating fabricated by the pre-placed powders with 1 wt % CeO2 exhibits better wear The SEM images of the wear debris of titanium alloy substrate and cladding coatings sliding against Si 3 N 4 balls are shown in Figure 14 , and the EDS results of the wear debris are illustrated in Figure 15 . It can be seen that the wear debris from titanium alloy substrate coupled with the Si 3 N 4 ceramic ball is plate-like and has a maximum width of approximately 30 µm and length of approximately 70 µm, which further reveals that titanium alloy substrate suffers from severe cutting and adhesion. The result of EDS analysis (Figure 15a) shows that the wear debris from titanium alloy substrate contains a large amount of Ti and O, and a small amount of Al and V, which indicates the existence of oxidation wear. During the dry sliding friction, a large amount of heat is produced and accumulated on the friction surface, so the temperature becomes higher and higher, leading to oxidation wear. However, the wear debris from cladding coatings is granular and has a much smaller size than the wear debris from the titanium alloy substrate, which shows that the cladding coatings experience minor cutting during the dry sliding friction. Meanwhile, the coating of sample 1 has the smallest wear debris size, and the coating of sample 2 exhibits the second-smallest wear debris size, while the coating of sample 0 shows the biggest wear debris size, which is highly related to the wear resistance of the coatings. According to the EDS analysis results (Figure 15b-e) , the wear debris of cladding coatings contains a high concentration of O, which indicates that the coatings suffer from the oxidation wear during the friction tests.
In summary, the wear mechanisms of titanium alloy substrate include ploughing, adhesive features, and oxidation wear, while the wear mechanisms of high-hardness cladding coatings include slight ploughing, spalling features, and oxidation wear. The influence of CeO 2 nanoparticles on the wear properties of the coatings is obvious, namely, the coatings fabricated by the pre-placed powders with CeO 2 nanoparticles have higher hardness, lower wear loss, and better wear morphology compared with coating fabricated by the pre-placed powders without CeO 2 nanoparticles. What is more, the coating fabricated by the pre-placed powders with 1 wt % CeO 2 exhibits better wear resistance than the coating fabricated by the pre-placed powders with 2 wt % or 3 wt % CeO 2 additive, which indicates that the amount of CeO 2 additive in the pre-placed powders should be controlled to a certain extent. resistance than the coating fabricated by the pre-placed powders with 2 wt % or 3 wt % CeO2 additive, which indicates that the amount of CeO2 additive in the pre-placed powders should be controlled to a certain extent. 
Conclusions
• In-situ synthesized Ti(C,N) reinforced Ni-based composite coatings are fabricated on Ti6Al4V substrates by laser cladding using Ni60 alloy, C, TiN, and nano-CeO2 powders as the pre-placed materials. The composite coatings metallurgically bonded with the substrates are mainly composed of γ-Ni, Ni3Ti, Ni4B3, Ti(C,N), TiC, TiN, Cr2B, and Cr7C3 phases.
•
The formation mechanisms of Ti(C,N) particles as reinforced phases in the coating are that the large Ti(C,N) particles form around TiN particles, and the small Ti(C,N) particles form by independent nucleation.
The microstructures of the coatings fabricated by pre-placed powders with different contents of CeO2 additive are obviously improved, which is mainly related to the heterogeneous nucleation of CeO2 nanoparticles. 
Conclusions
•
In-situ synthesized Ti(C,N) reinforced Ni-based composite coatings are fabricated on Ti6Al4V substrates by laser cladding using Ni60 alloy, C, TiN, and nano-CeO 2 powders as the pre-placed materials. The composite coatings metallurgically bonded with the substrates are mainly composed of γ-Ni, Ni 3 Ti, Ni 4 B 3 , Ti(C,N), TiC, TiN, Cr 2 B, and Cr 7 C 3 phases.
• The microstructures of the coatings fabricated by pre-placed powders with different contents of CeO 2 additive are obviously improved, which is mainly related to the heterogeneous nucleation of CeO 2 nanoparticles.
Due to the comprehensive action of second-phase strengthening and solution strengthening, the wear resistance of the coating fabricated by the pre-placed powders without CeO 2 additive is 11.2 times higher than that of the substrate. With the additives of CeO 2 nanoparticles in the pre-powders, the wear resistance of the coatings is further increased because of fine-grain strengthening, and 1 wt % content of CeO 2 nanoparticles in the pre-powders is the optimal choice for improving the wear resistance of the coatings.
